1 Mice lacking the apolipoprotein E and low density lipoprotein receptor genes (E8xLDLR8) develop atherosclerosis and endothelial dysfunction. The aim of this study was to characterize the roles of L-arginine and tetrahydrobiopterin (BH 4 ) for endothelium-dependent relaxation and the changes in the vasoconstrictor response to endothelin-1 (ET-1) in thoracic aortic rings of E8xLDLR8 mice. 2 Histological examination revealed severe atherosclerosis of the thoracic aorta of E8xLDLR8 mice. Relaxations induced by acetylcholine (Ach), but not that to sodium nitroprusside, were signi®cantly impaired in E8xLDLR8 mice compared to control mice indicating attenuated endothelium-dependent relaxations. 3 Preincubation with the nitric oxide (NO) substrate L-arginine did not aect, whereas the cofactor for NO synthase, BH 4 , slightly improved the relaxations induced by Ach. Combined preincubation with L-arginine and BH 4 induced a pronounced enhancement of Ach-induced relaxations in E8xLDLR8 mice. The relaxations induced by Ach in E8xLDLR8 mice in the presence of L-arginine and BH 4 were not dierent from those observed in control mice. 4 Preincubation with superoxide dismutase did not aect Ach-induced relaxations in aorta from E8xLDLR8 mice. 5 The contractile response to ET-1 was enhanced in E8xLDLR8 mouse aorta. The contractions were abolished by the ET A receptor antagonist LU 135252. The ET B receptor agonist sarafotoxin 6c did not induce contractions or relaxations. 6 It is concluded that endothelial dysfunction of E8xLDLR8 mouse aorta is reversed by combined administration of L-arginine and BH 4 . In addition, the ET A receptor-mediated vasoconstriction by ET-1 is enhanced in E8xLDLR8 mice.
Introduction
The endothelium plays a crucial role in the regulation of vascular function. Endothelium-derived nitric oxide (NO) is an important factor involved in anti-atherogenic properties of the endothelium by modulating vascular tone and by inhibiting monocyte adhesion and smooth muscle cell proliferation (Moncada et al., 1991; LuÈ scher & Noll, 1995) . It has been well documented that endothelium-dependent vasodilation is impaired in both animal models of atherosclerosis (Freiman et al., 1986; Kolodgie et al., 1990) and in atherosclerotic human coronary arteries (Bossaler et al., 1987; FoÈ rstermann et al., 1988; Zeiher et al., 1991) . In addition, risk factors for the development of atherosclerosis such as hypercholesterolemia are associated with impaired endothelial function (Creager et al., 1992) .
The biological activity of endothelial NO is a balance between the production and inactivation of NO. NO is constitutively produced in vascular endothelial cells from the amino acid L-arginine by the enzyme NO synthase (NOS III) through a ®ve-electron oxidation (Palmer et al., 1988; Marletta et al., 1998) . It has been suggested in several studies that NO synthesis is impaired in pathological states. Thus, administration of L-arginine has been shown to enhance endothelium-dependent vasodilation (Creager et al., 1992) and to prevent development of atherosclerosis in low density lipoprotein (LDL) receptor knockout mice (Aji et al., 1997) . However, the role of L-arginine as a ratelimiting factor in NO synthesis is controversial based on the high concentration of intracellular L-arginine and the ®nding that vascular eects of L-arginine may be independent of NO synthesis (see Wever et al., 1998) . Tetrahydrobiopterin (BH 4 ) is a co-factor for NO synthase in the production of NO from L-arginine (Cosentino & LuÈ scher, 1998; Marletta et al., 1998; Werner et al., 1998) . Administration of BH 4 has been demonstrated to enhance NO production in prehypertensive rats (Cosentino & LuÈ scher, 1998) and to restore endothelium-dependent vasodilation in isolated coronary arteries following reperfusion injury (Tiefenbacher et al., British Journal of Pharmacology (2000) 131, 1255 ± 1261 ã 2000 Macmillan Publishers Ltd All rights reserved 0007 ± 1188/00 $15.00 www.nature.com/bjp *Author for correspondence; E-mail: john.pernow@ks.se 1996) and in patients with hypercolesterolemia (Stroes et al., 1997) .
Endothelin-1 (ET-1) is a potent vasoconstrictor peptide produced by the endothelium (Yanagisawa et al., 1988) . ET-1 has been proposed to be involved in the pathogenesis of several cardiovascular disorders including atherosclerosis (Kowala, 1997) . The expression of ET converting enzyme, ET-1 and the ET B receptor subtype is enhanced in human atherosclerotic plaques (Kowala, 1997; Iwasa et al., 1999) . Experimental studies have demonstrated that the constrictor response to exogenous ET-1 is more pronounced in large arteries of atherosclerotic monkeys than in control animals (Kowala, 1997) . In addition, an ET A receptor antagonist attenuated fatty streaks and foam cell accumulation in experimental atherosclerosis (Kowala, 1997) . The vasoconstrictor properties together with the mitogenic action of ET-1 may contribute to the development and progression of atherosclerosis.
Mice lacking the apolipoprotein E and/or LDL receptor genes have elevated cholesterol and develop severe atherosclerotic lesions similar to those found in humans (Zhang et al., 1992; Plump et al., 1992 Nakashima et al., 1994 . Therefore, the atherosclerotic mouse is a relevant animal model for studying cellular and functional consequences of atherosclerosis. The purpose of the present study was to investigate the changes in endothelial function in atherosclerotic mice lacking apolipoprotein E and LDL receptors (E8xLDLR8 mice). In particular the roles of L-arginine and BH 4 for endothelium-dependent relaxations and the vasoactive eects of ET-1 were characterized.
Methods

Mice and diets
Mice on the C57BL/6J background carrying targeted deletions of the apolipoprotein E and LDL receptor genes (Bomholt, Denmark) were put on an atherogenic diet containing 21% fat/0.15% cholesterol (R683, Analycen, LidkoÈ ping, Sweden) at 6 weeks of age. At 7 ± 8 months of age the animals were used for experiments. Serum cholesterol levels at this stage have been shown to be 26 mmol l 71 . The experiments were approved by the regional ethics committee.
Analysis of atherosclerosis
To evaluate whether atherosclerosis was present in tissue of the material employed for functional experiments, thoracic aortas were collected from four animals for sectioning and staining with the lipid marker Oil Red-O. The sampling site for histological evaluation corresponded to the segments that were used for the functional studies. Aortas were harvested and ®xed in 4% formaldehyde for 24 h, thereafter kept on 10% sucrose in PBS until they were cryomounted in OCT. Consecutive 10 mm thick sections (n=20 ± 30) from each animal were air-dried, dehydrated, and stained with Oil Red-O for 15 min. Counter-staining was performed with haematoxylin. After rinsing with water, the slides were mounted with Kaiser's glycerol gelatin (Merck, Darmstadt, Germany) under coverslips. The Oil Red-O stained cryosections were observed under microscope, and digitized images were obtained by a magni®ed video system (LEICA Qwin, Leica Imaging Systems Ltd, Cambridge, U.K.). The percentage of atherosclerosis was calculated semi-automatically by a computer program (Adobe PhotoShop 5.0, Adobe. CA, U.S.A.). The total area of the lumen was outlined and calculated using the internal elastic laminae as a lineation marker. Therafter the area of the atherosclerotic lesion was calculated, and the area of the lesion was divided by the total lumen to yield the percentage of the lumen occupied by the lesion.
Tissue preparation for functional experiments
The mice were anaesthetized with an intraperitoneal injection of sodium pentobarbitone (150 mg kg
71
) together with sodium heparin (100 iu kg 71 , i.p.) to prevent intravascular coagulation. The thoracic aorta was quickly removed and placed in Krebs Henseleit solution at room temperature (22 ± 238C). The Krebs Henseleit solution consisted of (in mM): NaCl 118, KCl 4.7, CaCl 2 2.5, KH 2 PO 4 1.2, MgSO 4 (7H 2 O) 1.2, NaHCO 3 25.2 and glucose 11.1. By means of a dissecting microscope, adhering perivascular tissue was carefully removed and the descending thoracic aorta was cut into 2-mm long rings. The vessels were mounted onto two thin stainless steel holders, one of which was connected to a force displacement transducer (Grass model FT03) and the other to a movable device that allowed the application of a passive tension of 650 ± 700 mg, which was determined to be the optimal resting tension for obtaining the maximal active tension induced by 60 mM K + solution. The high K + solution (60 mM) was prepared by exchanging NaCl with an equimolar amount of KCl. The mounted rings were kept in 2-ml organ baths containing Krebs Henseleit solution, kept at 378C and continuously bubbled with a gas mixture of 95% O 2 and 5% CO 2 to maintain a pH of 7.4. The isometric tension was recorded on a polygraph (Grass model 7).
Experimental protocol
After an equilibration period of 60 min the contractile function of the vessel was tested twice by replacing the Krebs Henseleit solution by 60 mM K + solution. Following washout, the vessels were precontracted with 10 mM phenylephrine. Endothelium-dependent relaxations were determined by application of acetylcholine (Ach; 0.01 ± 10 mM) to precontracted vessels. The relaxations induced by Ach in the aorta from E8xLDLR8 and control mice are abolished or greatly reduced following endothelial removal or administration of NO synthase or cyclic GMP inhibitors (Jiang et al., 1999) , demonstrating that Ach evokes relaxations via a NO and cyclic GMP-dependent pathway. After a washout period, similar concentration-response curves for sodium nitroprusside (SNP) were created to test endothelium-independent relaxation. The vessels were then preincubated for 30 min with one or a combination of substances to improve endothelium-dependent relaxations. These substances included vehicle (Krebs Henseleit buer), L-arginine (1 mM), BH 4 (100 mM) and superoxide dismutase (SOD; 200 U ml
71
). Up to three aortic ring preparations were used from each mouse but only one substance or one combination of substances was tested on each ring preparation. Following the preincubation, the vessel was precontracted with phenylephrine and endothelium-dependent and -independent relaxations were determined again. The relaxations are expressed in per cent of the precontractile tone.
In separate experiments, the contractile eects of the endothelium-derived contracting factor ET-1 was investigated. The contractile eect is expressed in per cent of that evoked by the second application of 60 mM K + . The
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Drugs
Phenylephrine, Ach, SNP, BH 4 (6-methyl-5,6,7,8-tetrahydrobiopterin), L-arginine and SOD (from bovine erythrocytes) (Sigma Chemical, St. Louis, MO, U.S.A.), ET-1 and sarafotoxin 6c (Alexis Corporation Laufel®ngen, Switzerland) were dissolved in distilled water. LU 135252, a kind gift from Dr Manfred Raschack Knoll AG, Ludwigshafen Germany, was dissolved in 1 M NaOH and pH was then set to 7.5 by addition of 0.1 M HCl. All subsequent dilutions were made with Krebs Henseleit solution. All concentrations given are ®nal molar concentrations in the organ chambers.
Statistics
Results are expressed as mean+s.e.mean. Since each pharmacological challenge was performed on only one aortic ring preparation from each mouse, the number of observations are equal to the number of mice in each group. Paired or unpaired Student's t-test was used to compare results in treated and untreated aortas from each strain and between control and E8xLDLR8 mice, respectively. ANOVA was used for multiple comparisons. Dierences were considered to be signi®cant when P50.05.
Results
Evaluation of atherosclerosis
Microscopic and macroscopic evaluation revealed that extensive atherosclerosis was present throughout the thoracic aorta of all animals investigated. Histological examination demonstrated that atherosclerotic lesions were observed in all sections investigated. Advanced ®brofatty lesions were observed in the vessel lumen, and a representative vessel is depicted in Figure 1 . The percentage of the lumen occupied by the lesions was calculated to be 43+16%, while 88+8% of the luminal surface was covered by endothelium.
Response to Ach and SNP
The precontractile tone induced by administration of phenylephrine was somewhat higher in the E8xLDLR8 mice than in control mice (415+10 vs 334+7 mg; P50.001) which is in agreement with a previous report (Jiang et al., 1999) . Ach and SNP evoked concentration-dependent relaxation of aortic rings from both control mice and E8xLDLR8 mice. The per cent relaxation induced by Ach was signi®cantly impaired in E8xLDLR8 mice (Figure 2a) . The highest concentration of Ach (10 mM) relaxed the vessels by 45+2% in E8LDLR8 mice and by 70+5% in control mice (P50.001). The relaxation induced by SNP was similar in the two groups (Figure 2b ).
Effect of L-arginine and BH 4
Preincubation of aortic rings from E8xLDLR8 mice with Larginine (1 mM) did not aect the Ach-induced relaxation (Figure 3a) . Administration of BH 4 (100 mM) slightly Figure 1 Transverse section of a representative thoracic aorta of an E8xLDLR8 mouse after being fed a diet containing 21% fat and 0.15% cholesterol for 7 months, corresponding to the time of testing in vitro reactivity. The section is stained with Oil Red-O and counterstained with hematoxilin. Note the massive ®brofatty lesion obstructing a large part of the lumen. The plaque is partially detached from the vessel wall due to artefacts during sectioning and staining. Original magni®cation 6400. Figure 2 Concentration-response curves showing the relaxations induced by (a) acetylcholine (ACh) and (b) sodium nitroprusside (SNP) in aorta from control mice and mice de®cient of apolipoprotein E and low density lipoprotein receptor genes (E8xLDLR8). The relaxations are expressed in per cent of the precontracted tone induced by 10 mM phenylephrine. Data are given as means and s.e.mean of 10 ± 12 observations. Signi®cant dierences between the groups are shown; ***P50.001.
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Endothelial function in atherosclerotic mice J. Jiang et alimproved the relaxation evoked by a low concentration (0.1 mM) Ach but did not aect the maximal relaxation ( Figure 3b) . Preincubation with the combination of BH 4 and L-arginine resulted in a pronounced improvement in Achinduced relaxations (Figure 3c ). The Ach-induced relaxation of E8xLDLR8 aorta following incubation with L-arginine and BH 4 was not dierent from that observed in aortic rings from control mice. The relaxations induced by Ach were not aected by 30 min incubation with Krebs Henseleit solution only (48+6 vs 50+6% relaxation by 10 mM Ach, n=8). The response to Ach in control mice aorta were not aected by Larginine and BH 4 . The relaxation induced by SNP in E8xLDLR8 aorta was not changed following administration of L-arginine and BH 4 (Figure 4 ).
Effect of SOD
Preincubation of E8xLDLR8 aorta with SOD (200 U ml 71 ) did not aect the relaxation induced by Ach under control conditions or in the presence of L-arginine and BH 4 ( Figure  5 ).
Effect of ET
ET-1 induced concentration-dependent contractions of the aortic rings from both strains of mice. The contractile eect was markedly enhanced in E8xLDLR8 mice (Figures 6 and  7) . Administration of the ET A receptor antagonist LU 135252 (10 mM) at maximal ET-1-induced contraction resulted in progressive relaxation in both control and E8xLDLR8 mice by approximately 80% (Figure 7 ). Preincubation with LU 135252 completely abolished the contractile response to ET-1 (Figure 7) . Administration of the ET B receptor agonist sarafotoxin 6c did not induce any reproducible contractile response in either mouse strain, nor did it cause relaxation in E8xLDLR8 mice when administered after precontraction with phenylephrine (data not shown).
Discussion
The present study demonstrates that the aorta from atherosclerotic E8xLDLR8 mice have impaired endotheliumdependent relaxations and that the endothelial function can be restored by the combined administration of L-arginine and BH 4 . We also demonstrate a marked enhancement of ET-1-mediated vasoconstriction mediated via the ET A receptor subtype. The animals employed in the present study had developed severe atherosclerosis which was evident from the advanced ®brofatty lesions in all the transverse sections of the thoracic aorta, representing the vessel segments employed for in vitro reactivity. Only a small loss of endothelial cells were noted in the lesions. The relaxations induced by Ach but not that to the NO donor SNP were signi®cantly reduced in E8xLDLR8 mouse aorta. This ®nding indicates impaired endothelial function in agreement with previous ®ndings in E8xLDLR8 mice (Jiang et al., 1999) as well as in mice de®cient in ApoE only (Barton et al., 1998; Deckert et al., 1999) . The unchanged response to SNP demonstrates that the ability of the vascular smooth muscle cells to dilate when stimulated by NO is not aected in E8xLDLR8 mice. Therefore, the impaired response to Ach re¯ects reduced bioavailability of endothelium-derived NO. It has been suggested that supplementation with the substrate L-arginine may enhance NO production and restore endothelial function in hypercholesterolemia and atherosclerosis (see Wever et al., 1998; Drexler, 1997) . In the present study, preincubation with Larginine (1 mM) did not aect the response to Ach, however, indicating that lack of substrate was not a primary cause of endothelial dysfunction. This is in accordance with the failure of L-arginine to improve endothelial function following exposure to LDL in rabbit aortic rings (Fontana et al., 1999) . Administration of BH 4 , at a concentration which has been demonstrated to enhance production of NO and restore endothelial function (Cosentino & Katusic 1995; Tiefenbacher et al., 1996; Pieper, 1997) , resulted in a slight enhancement but not normalization of endothelial function. This ®nding suggests that the dysfunction of the endothelium at least in part was due to lack of the co-factor BH 4 , which is in accordance with observations in patients with hypercholesterolemia (Stroes et al., 1997) . When the vessels were preincubated with a combination of L-arginine and BH 4 , the endothelial function of E8xLDLR8 mice was markedly enhanced and not dierent from that observed in vessels from control mice. The relaxations induced by SNP were unaected by combined administration of L-arginine and BH 4 , indicating that the response of the vascular smooth muscle cells to NO was unchanged. Thus, in the presence of sucient levels of the co-factor BH 4 addition of the substrate L-arginine resulted in normalized endothelium-dependent relaxation.
The exact mechanism behind the eect of BH 4 on endothelial NO synthase is not fully clari®ed. BH 4 has been proposed to exert allosteric actions to stabilize the active dimeric state of the enzyme and to play a redox-active role in stimulating NO synthase (Werner et al., 1998 , Marletta et al., 1998 . Another important action of BH 4 may be that it seems to co-operate with L-arginine. Thus, binding of L-arginine to NO synthase is enhanced by BH 4 (Wever et al., 1998) . Accordingly, an altered K M of NO synthase for L-arginine has been observed in mice with BH 4 de®ciency (Brand et al., 1995) . It is therefore possible that administration of BH 4 in the present experiments enhances binding of L-arginine to NO synthase which results in improved endothelial function. This would also indicate that E8xLDLR8 mice are de®cient in both BH 4 and L-arginine. However, measurements of endogenous BH 4 and L-arginine have not been performed in this mouse strain to con®rm this hypothesis.
Reduced activity of endothelium-derived NO may also be caused by increased catabolism. NO reacts very rapidly with superoxide to produce peroxynitrite (Beckman & Koppenol, 1996) . Since the generation of superoxide is increased in atherosclerotic lesions (see Wever et al., 1998 ) the catabolism of NO by its reaction with superoxide may be of importance in atherosclerosis. However, administration of SOD, at a concentration which has been demonstrated to improve endothelial function during stimulated superoxide production in rabbit aortic rings (Abrahamsson et al., 1992) and in aortic rings from spontaneously hypertensive rats , did not modify the Ach-induced relaxations in the present study. This suggests that enhanced inactivation of NO by superoxide did not to any major extent account for the reduced activity of NO. Moreover, SOD did not further modify the response to Ach in the presence of L-arginine and BH 4 . This ®nding indicates that BH 4 did not undergo autooxidation with subsequent production of superoxide, which has been reported to occur in vitro (Wever et al., 1998) .
The vasoconstrictor eect of ET-1 was markedly enhanced in the aorta from E8xLDLR8 mice in comparison with control mice. The contractions were completely blocked by preincubation with the ET A receptor antagonist LU 135252. The antagonist also eectively reversed established contractions induced by ET-1. Furthermore the selective ET B receptor agonist sarafotoxin 6c failed to induce contractions per se or relaxations of precontracted vessels. Taken together these ®ndings demonstrate that the vasoconstrictor activity of ET-1 is augmented in E8xLDLR8 mice and that this vasoconstrictor eect is mediated via activation of the ET A receptor subtype. It is in this context interesting to note that E8xLDLR8 mice subjected to hypoxic stress in vivo develops myocardial ischaemia and infarcts, an eect which is inhibited by ET A receptor blockade . This implies that the enhanced ET A receptor-mediated vasoconstrictor activity in these atherosclerotic mice has functional consequences which may result in myocardial ischaemia and infarcts.
In conclusion, the present study demonstrates that atherosclerotic E8xLDLR8 mice have impaired endothelial function. The endothelial function can be normalized by the combined administation of the substrate L-arginine and the co-factor BH 4 . In addition, the ET A receptor-mediated vasoconstriction of ET-1 is enhanced. These alterations in endothelial function which include reduced NO activity and enhanced ET-1 activity makes the vessel more susceptible to vasospasm which may have pathophysiological consequences.
